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A new strategy for the synthesis of oligopeptides was developed using an ionic liquid as a soluble
support. The efficiency of this ionic liquid-phase approach was demonstrated by the synthesis of a
bioactive pentapeptide, Leu5-enkephalin, in good yield and reasonable purity. The structures and
purities of the reaction intermediates in each step were verified easily by routine spectroscopic
analysis, and no chromatographic procedures were needed during the synthesis.

Introduction

The solid-phase peptide synthesis, introduced by Mer-
rifield in 1963, has been a milestone in the annals of
organic synthesis.1 The facile purification process of
removing excess reagents and side products allows for
the ease of product isolation and makes automation
possible. However, despite the many benefits offered by
the solid-phase approach, the heterogeneous nature of
the insoluble polymers and reaction conditions often
results in a series of problems including nonlinear
reaction kinetics, unequal distribution of and/or access
to the reaction sites, solvation problems, and a retarded
coupling rate. This has led to alternative methodologies
with the aim of restoring homogeneous reaction condi-
tions. In recent years, the use of soluble polymer supports
has received considerable attention because such a
“liquid-phase” synthesis retains many of the advantages
of conventional solution chemistry and still permits the
fairly easy purification of the product. Soluble polyeth-
ylene glycol (PEG), polyvinyl alcohol, and other polymers
have been employed successfully in the synthesis of
oligopeptides.2 Some limitations that were expressed for
the use of soluble polymer supports include the follow-
ing: low loading capacity, limited solubility during the
synthesis of longer peptides, aqueous solubility, and
insolubility in ether solvents.3 More recently, the use of

the “fluorous phase” for organic synthesis has been
advocated.4 This is based on the concept that fluorinated
compounds will preferentially dissolve in a fluorous
solvent, the fluorous phase. Furthermore, a phase sepa-
ration can be achieved between a fluorous phase and an
organic phase by a temperature switch, thus facilitating
separation and purification. So far, the use of fluorous-
phase methodology has been demonstrated for the syn-
thesis of oligopeptides,5 oligosaccharides,6 and small
molecules.4 Nevertheless, the expense of perfluoroalkane
solvents and the need for specialized reagents may limit
its general application.

Recently, ionic liquids (ILs) have attracted considerable
interest as environmentally benign reaction media be-
cause of their many fascinating and intriguing properties
such as high thermal and chemical stability, no measur-
able vapor pressure, nonflammability, friction reduction,
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antiwear performance, and high loading capacity.7 Nu-
merous chemical reactions, including some enzymatic
reactions, can be carried out in ionic liquids.8 In most
cases, the ionic liquids can be recycled easily. An attrac-
tive feature of ionic liquids is that their solubilities can
be tuned readily, so they can phase separate from organic
as well as aqueous media, depending on the choice of
cations and anions. Substrate solubility can also be
tuned.9 This suggests the possibility of using these low
molecular weight ionic liquids as soluble supports for
organic synthesis. Phase separation between the “ionic
liquid phase”, the less polar organic phase, and the
aqueous phase can be achieved for product separation
and purification. An illustration of ionic-liquid-supported
synthesis (ILSS) is given in Figure 1. After the first
reactant is anchored to an ionic liquid support, the excess
reagents and byproducts in subsequent reactions can be
removed easily by simple solvent washing. Substrates
anchored on ionic liquids are expected to retain their
reactivities, as in solution reactions, and allow the use
of conventional spectroscopic analysis during the syn-
thetic process. Recent reports from our lab and other
groups have successfully demonstrated the efficiency of
ILSS for small molecules.10 The possibilities of developing

recoverable and recyclable ionic-liquid-supported cata-
lysts have also been explored.11 Here, we report the
application of the ILSS strategy for oligopeptide synthe-
sis12 using the synthesis of the bioactive pentapeptide
Leu5-enkephalin for demonstration.13 The issues that we
need to address are the following: (1) is the ionic liquid
support compatible with the synthetic methodologies
generally developed for peptide synthesis? (2) would the
presence of the ionic liquid moiety lead to racemization
or epimerization of the peptide units during attachment,
coupling, and cleavage reactions? and (3) would the
oligopeptide chain modify the solubility of the ionic liquid
support to the extent that purification via washing with
organic and aqueous solvents is no longer meaningful?

Results and Discussion

1. Attachment to the Ionic Liquid and the Test
of Racemization. 3-Hydroxyethyl-(1-methylimidazo-
lium)-tetrafluoroborate (1), readily available from the
reaction of 1-methylimidazole and 2-bromoethanol,10a,d

was chosen as a suitable ionic liquid support for peptide
synthesis. Various coupling reaction conditions (Scheme
1) were examined for the loading of the first amino acid,

(7) For recent reviews, see (a) Welton, T. Chem. Rev. 1999, 99, 2071-
2084. (b) Wasserscheid, P.; Keim, W. Angew. Chem., Int. Ed. 2000,
39, 3772-3789. (c) Wilkes, J. S. Green Chem. 2002, 4, 73-80. (d)
Wasserscheid, P.; Welton, T. Ionic Liquids in Synthesis; Wiley-VCH:
Weinheim, Germany, 2003.

(8) (a) Sheldon, R. Chem. Commun. 2001, 2399-2407. (b) Sheldon,
R. A.; Lau, R. M.; Sorgedrager, M. J.; Rantwijk, F. v.; Seddon, K. R.
Green Chem. 2002, 4, 147-151.

(9) (a) Kimizuka, N.; Nakashima, T. Langmuir 2001, 17, 6759-6761.
(b) For other ionic liquids containing PEG, see Leone, A. M.; Weatherly,
S. C.; Williams, M. E.; Thorp, H. H.; Murray, R. W. J. Am. Chem. Soc.
2001, 123, 218-222.

(10) (a) Fraga-Dubreuil, J.; Bazureau, J. P. Tetrahedron Lett. 2001,
42, 6097-6100. (b) Fraga-Dubreuil, J.; Bazureau, J. P. Tetrahedron
2003, 59, 6121-6130. (c) Handy, S. T.; Okello, M. Tetrahedron Lett.
2003, 44, 8399-8402. (d) Miao, W.; Chan, T. H. Org. Lett. 2003, 5,
5003-5005. (e) Anjaiah, S.; Chandrasekhar, S.; Gree, R. Tetrahedron
Lett. 2004, 45, 569-571. (f) de Kort, M.; Tuin, A. W.; Kuiper, S.;
Overkleeft, H. S.; van der Marel, G. A.; Buijsman, R. C. Tetrahedron
Lett. 2004, 45, 2171-2175.

(11) (a) Audic, N.; Clavier, H.; Mauduit, M.; Guillemin, J.-C. J. Am.
Chem. Soc. 2003, 125, 9248-9249. (b) Yao, Q.; Zhang, Y. Angew.
Chem., Int. Ed. 2003, 42, 3395-3398.

(12) Peptide synthesis using ionic liquids as reaction media has been
reported. See Vallette, H.; Ferron, L.; Coquerel, G.; Gaumont, A.-C.;
Plaquevent, J.-C. Tetrahedron Lett. 2004, 45, 1617-1619.

(13) Bower, J. D.; Guest, K. P.; Morgan, B. A. J. Chem. Soc., Perkin
Trans. 1, 1976, 2488.

FIGURE 1. General concept of ionic-liquid-supported synthesis.
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Boc-leucine, onto 1, and the results are shown in Table
1. Among the conditions we have tried, the dicyclohexyl-
carbodiimide (DCC)/4-(N,N-dimethylamino)pyridine (DM-
AP) combination gave the best conversion. Other methods
including 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC)/1-hydroxylbenzotriazole hydrate (HO-
Bt), O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluro-
nium hexafluorophosphate (HATU)/HOBt, (benzotri-
azol-1-yloxy)tripyrrolidinophosphonium hexafluorophos-
phate (PyBOP)/diisopropylethylamine (DIPEA), 2-ethoxy-
1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ), and 2-iso-
butoxy-1-isobutoxycarbonyl-1,2-dihycroquinoline (IIDQ)
were not able to push the esterification reaction to
quantitative conversion. Although capping of unreacted
1 with acetic anhydride worked well and could be used
as an alternative, we have settled on using the DCC/
DMAP conditions for the coupling reaction and avoided
the need for the capping step. The excess Boc-leucine,
the DCU byproduct, and DMAP could all be removed by
sequential ether and aqueous-acid washings. The ionic-
liquid-supported Boc-leucine (2) was obtained in high
yield (91%) and good purity, as verified by NMR spec-
troscopy. We have coupled both L- and D-Leu-Boc to give
2a and 2b, respectively.

The deprotection of the Boc group in 2a was then
studied (Table 3). Both tetrafluoroboric acid and trifluo-
roacetic acid could induce a very clean deprotection reac-
tion, as indicated by proton NMR. We have also tried to
accomplish the deprotection reaction with acidic ion-ex-
change resins such as Dowex 50Wx8-100 or Amberlyst
15, but the results were not satisfactory. For the next
step, the coupling with Boc-Phe-OH, did not work well
without neutralization (Scheme 2 and Table 2). Attempts
to neutralize TFA or HBF4 with NaHCO3, Et3N, and basic
ion-exchange resins, such as Dowex 550A OH resin, still
could not get the coupling reaction to proceed in high
yield. Eventually, we were able to find that using the
PyBOP/DIPEA conditions both the neutralization and the
coupling reaction happened in one pot. The peptide for-
mation reaction gave 4a in essentially quantitative
yield.14 It is noteworthy that the use of a large excess of
reagents was not necessary. We have tested the reaction
with only 1.2 equiv of Boc-Phe-OH and PyBOP, and the
result was still satisfactory.

To determine the degree of the possible racemization
or epimerization that may occur during the ILSPS
process, especially in the first step of esterification
(loading) using the DCC/DMAP condition, we synthesized
a series of ionic-liquid-supported dipeptides (4a-d) and
cleaved them with ammonia/methanol to give dipeptides
5a-d, which contain all of the four stereoisomers of Boc-
Phe-Leu-OMe (Scheme 2). Careful HPLC analysis showed
that no detectable amounts of other isomers (<0.5%) were
present in the 5a-(L, L) or 5b-(D, L) samples thus
prepared, indicating that in both of the loading and
peptide forming steps in ILSPS synthesis no significant
racemization or epimerization occurred. Coincidentally,
this also suggests that no epimerization occurred during
the cleavage step under basic methanolic conditions.

2. Oligopeptide Synthesis and Detachment from
the Ionic Liquid. Utilizing the above conditions that
were developed for deprotection and coupling, two glycine
moieties and one tyrosine moiety in their protected forms
were successively coupled to 4a to give the ionic-liquid-
supported pentapeptide (11) as a foamlike pale yellow
solid (Scheme 3). All of the ionic-liquid-supported pep-
tides prepared thus far are soluble in polar organic
solvents such as acetone, acetonitrile, methanol, chloro-
form, and dichloromethane but are essentially not soluble
in diethyl ether or hexane. During the whole synthetic

(14) For a recent monograph on peptide synthesis, see Lloyd-
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SCHEME 1

TABLE 1. Loading of the First Amino Acid
(Boc-Leu-OH) onto the Ionic-Liquid Support 1

entry coupling reagenta condition conversion (%)b

1 EDC (2 equiv)/HOBt CH3CN/rt/48 h 45
2 HATU (2 equiv)/HOBt CH3CN/rt/48 h 53
3 PyBOP (2 equiv)/DIPEA CH3CN/rt/48 h 55
4 EEDQ (1.5 equiv) CH3CN/35 °C/18 h 71
5 EEDQ (1.5 equiv) CH3CN/35 °C/72 h 77
6 EEDQ (5 equiv) CH3CN/60 °C/18 h 86
7 IIDQ (2 equiv) CH3CN/35 °C/48 h 87
8 DCC (2 equiv)/DMAP CH3CN/rt/18 h 100
a Equivalent of the coupling reagent to Boc-Leu-OH. b Deter-

mined by 1H NMR analysis.

TABLE 2. Deprotection and Coupling of Ionic-Liquid
Support Leu-Boc 2a with Boc-Phe-OH

entry
deprotection/

neutralization coupling conditiona
conversion

(%)b

1 TFA/no neutrali-
zation

EEDQ (2.5 equiv)/CH3CN/
35 °C/48 h

55

2 TFA/no neutrali-
zation

DCC (2 equiv)/DMAP/CH3CN/
rt/48 h

60

3 TFA/NaHCO3 EEDQ (2.5 equiv) /CH3CN/
35 °C/48 h

60

4 TFA/Et3N IIDQ (2 equiv) /CH3CN/35 °C/
48 h

85

5 TFA/NaHCO3 DCC (2 equiv)/DMAP/CH3CN/
rt/48 h

85

6 TFA/Et3N DCC (2 equiv)/DMAP/CH3CN/
rt/48 h

95

7 TFA/DIPEA PyBOP (1.5 equiv)/DIPEA
(3 equiv)/ CH3CN/35 °C/8 h

100

8 HBF4/OH- resin EEDQ (2.5 equiv)/CH3CN/
35 °C/48 h

25

9 HBF4/NaHCO3 EEDQ (2.5 equiv)/CH3CN/
35 °C/48 h

60

a Equivalent of the coupling reagent to Boc-Phe-OH. b Deter-
mined by 1H NMR analysis.

TABLE 3. Comparison of Conventional and Various
Supported Peptide-Synthesis Methodsa

aspect CSPPS SPPS SPSPS FPPS ILSPS

generic protocol - + + + +
homogeneous synthesis + - + + +
high loading capacity n/a - - + +
low excess reagents + - + + +
facile purification - + + + +
routine spectroscopic analysis + - ( + +
relatively low cost ( - - - +

a CSPPS: conventional solution-phase peptide synthesis; SPPS:
solid-phase peptide synthesis; SPSPS: soluble-polymer-supported
peptide synthesis; FPPS: fluorous-phase peptide synthesis; IL-
SPS: ionic-liquid-supported peptide synthesis.
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sequence, all of the intermediates in deprotected form
(6, 8, and 10) or Boc protected form (7, 9, and 11) were
isolated and purified by the generic protocol of sequential
organic solvents and aqueous washing (see the Experi-
mental Section). Structural confirmation and purity
analysis were realized easily by conventional methods
such as NMR (acetone-d6) and MS. The presence or
absence of the tert-butyl protons of the Boc group in the
1H NMR spectrum was characteristic of the coupling or
deprotection step, respectively. The mass spectra of the
ionic-liquid-supported oligopeptides (2a, 4a, 7, 9, and 11)
were also helpful for the structural characterization
because the peak corresponding to the cation bearing the
oligopeptide was detected easily as the most intense peak
in the spectrum (see the Supporting Information).

Two routes were tested for liberating the final pen-
tapeptide product, Leu5-enkaphalin 14, from the ionic
liquid support. Route A was to cleave the ester linker
bond under basic aqueous conditions first and then
deprotect the Boc and tBu groups under TFA/anisole
conditions. Route B was to perform the deprotection first
and then the cleavage (Scheme 3). Both were successful,
but route A was chosen as the preferred procedure for
releasing the peptide from the ionic-liquid support in 84%
yield because the protected pentapeptide (12) could
precipitate out easily from the reaction system upon
acidification in good yield and purity.

We now had to determine the purity of the Leu5-
enkephalin pentapeptide (14) thus prepared. Compound
14, obtained in 50% overall yield from 1 without any
recrystallization or chromatography procedure as the TFA

salt, was found to have physical properties {mp 148-
152 °C and [R]20

D ) 25.0 (c 0.8, 95% AcOH)} nearly the
same as an authentic sample {[mp 150-153 °C and [R]20

D

) 25.6 (c 0.9, 95% AcOH)].15 Its identity was further
confirmed by its 1H NMR spectrum, which was identical
to that of the authentic sample (Figure 2). Its purity was

inferior to the authentic sample (>97%) and demon-
strated by HPLC analysis (Figure 3) to be about >90%
pure. Such a level of purity is superior to what could
usually be obtained by solid-phase peptide synthesis prior
to chromatography purification.14

SCHEME 2

SCHEME 3

FIGURE 2. 1H NMR spectra of authentic and synthetic Leu5-
enkephalin 14.
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3. Pros and Cons of Ionic-Liquid-Supported Pep-
tide Synthesis (ILSPS). In conclusion, a novel solution-
phase approach to oligopeptide synthesis has been de-
veloped based on the ionic-liquid-support strategy with
a generic protocol of coupling and purification. On the
basis of this example, the ILSPS approach offers some
potential advantages as well as limitations in comparison
to the existing methods of peptide synthesis (Table 3).
First, in common with other solution phase methodolo-
gies, the use of a large excess of reaction reagents can
be avoided in contrast to the solid-phase peptide synthe-
sis (SPPS). This will be important for the synthesis of
peptides containing unnatural amino acids (e. g., D-amino
acids) or large scale synthesis. Second, in each step, the
intermediate was purified easily by solvent washings. In
this respect, the ILSPS is similar to the fluorous-phase
peptide synthesis (FPPS) and the soluble-polymer-sup-
ported peptide synthesis (SPSPS) in using liquid/liquid
phase separation. The separation is probably not as easily
automated as the SPPS, which uses solid/liquid phase
separation. However, the loading capacity of ILSPS is
higher because only a molar equivalent of the low
molecular weight ionic liquid (1) is used. Furthermore,
the cost of 1 is probably lower than the fluorous support
or even the polymer support, and this may be an
important consideration for large scale synthesis. An-
other advantage of ILSPS is that the structure and purity
of each intermediate in the synthesis could be verified
easily by routine spectroscopic methods. However, the
ILSPS has so far been applied to a relatively short
pentapeptide. Whether the methodology is applicable to
longer oligopeptides remains to be determined, especially
if the longer peptide chain may modify the solubility
characteristics of the ionic liquid moiety. However, it is
clear that the ILSPS offers potential advantages, and
further research into the scope of ILSPS is warranted.

Experimental Section

Esterification (Loading) Step. Dicyclohexylcarbodiimide
(DCC, 1 M in CH2Cl2, 10 mL, 10 mmol) was added to a mixture
of ionic liquid 1 (1.07 g, 5 mmol), Boc-leucine (2.31 g, 10 mmol),
and (dimethylamino)pyridine (0.25 g, 2 mmol) in dry acetoni-
trile (25 mL). The mixture was stirred vigorously for 18 h at
room temperature under nitrogen and filtrated through a plug
of Celite. The Celite plug was rinsed with acetonitrile, and

the combined organic phase was concentrated in vacuum. The
crude residue was washed first with ether (20 mLx3) and then
dissolved in CH2Cl2 and washed with 2 M HCl (10 mLx3). The
organic phase was dried over Na2SO4 and concentrated to
afford 1.95 g (91%) of ionic-liquid-supported Boc-leucine 2a as
a pale yellow oil.

Peptide-Forming Step (Deprotection and Coupling).
TFA (10 mL) was added to a solution of ionic-liquid-supported
Boc-peptide (2 mmol) in CH2Cl2 (10 mL). The reaction was
stirred at room temperature under nitrogen for 0.5 h. Upon
concentration under reduced pressure, the residue was washed
twice with ether and dried on a vacuum line to yield the
deprotected ionic-liquid-supported peptide as a TFA salt. The
residue was then dissolved together with the next Boc-
protected amino acid (3 mmol) and PyBOP (3 mmol) in CH3-
CN (35 mL). DIPEA (6 mmol) was added dropwise, and the
resulting reaction mixture was stirred at 35 °C under nitrogen
atmosphere for 8 h. The solvent was removed under vacuum,
and the residue was washed first with ether (20 mL × 3) and
then dissolved in CH2Cl2 and washed with water (10 mL ×
3). The organic phase was dried over Na2SO4 and concentrated
to afford the ionic-liquid-supported Boc-peptide (90% yield),
which was of sufficient purity and could be used directly for
the next cycle of peptide synthesis. The product could be
purified further, if desired, by dissolving the compound in
acetone, filtering through a short pad of silica gel, and
evaporating the solvent.

Peptide-Liberation Step. NaOH aqueous solution (1 M,
0.2 mL) was added to a mixture of the ionic-liquid-supported
pentapeptide (11, 180 mg, 0.2 mmol) in THF/H2O (1:2, v/v, 3.0
mL). The mixture was stirred at room temperature for 5 h.
The volatile component was removed under reduced pressure,
and the residue solution was acidified to pH 5-6. The
precipitate was washed twice with distilled water and dried
on a vacuum line to give 120 mg (85%) of Boc-pentapeptide
12 as a foamlike pale-yellow solid. This oligopeptide (117 mg,
0.16 mmol) was dissolved in CH2Cl2 (1.5 mL) and then TFA
(1.5 mL), and several drops of anisole were added. The mixture
was stirred at ambient temperature under nitrogen atmo-
sphere for 0.5 h. Evaporation and washing with ether gave
Leu5-enkephalin TFA salt 14 (109 mg, 99%).
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(15) The authentic sample of Leu5-enkephalin was purchased from
Sigma-Aldrich Canada Ltd. and was reported to be 97% pure.

(16) HPLC conditions: column, Agilent Zorbax SB-CN Semi-prep
(9.4 × 250 mm); eluent, 0-5 min, H2O/0.05% TFA (v/v), 6-15 min,
0-60% CH3CN/H2O/0.05% TFA (v/v/v), 16-23 min, 60-100% CH3CN/
H2O/0.05% TFA (v/v/v); post time, 7min; flow rate, 3.0 mL/min.

FIGURE 3. HPLC analysis of crude Leu5-enkephalin 14 synthesized by ILSPS.16
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